Parkinson's disease (PD) is the second most common neurodegenerative disease affecting 1-2% in people >60 and 3 -4% in people >80. Genome-wide association (GWA) studies have now implicated significant evidence for association in at least 18 genomic regions. We have studied a large PD-meta analysis and identified a significant excess of SNPs (P < 1 3 10
INTRODUCTION
Parkinson's disease (PD) is the second most common neurodegenerative disease and is characterized by bradykinesia with resting tremor, stiffness and gait disturbance. Pathologically, the disease involves the deposition of alpha-synuclein as Lewy bodies and Lewy neurites in multiple motor and nonmotor brain areas. The population prevalence is estimated at 0.3%, but this increases with age-rising to 1 -2% in people .60 and 3-4% in people .80 years of age (1) . Although the average age at onset is 68 years old, the onset is extremely variable, ranging from adolescence to old age (2, 3) . The identification of rare highly penetrant mutations in genes causing familial PD (4 -8) has had a considerable impact on our understanding of the pathogenesis of this complex and common disorder. Studies of rare Mendelian forms of PD show that increased alpha-synuclein fibril formation and abnormalities of mitophagy are of central importance in at least some forms of the disease. More recently, our understanding of the idiopathic form of the illness has been greatly enhanced by a number of large genome-wide association (GWA) studies (9 -19) . As well as providing unequivocal evidence that SNCA and MAPT are also risk factors for idiopathic PD (9, 12, (17) (18) (19) , these studies have collectively identified variants at over 18 loci that significantly increase risk for PD (9, 10) . The challenge now is to understand how these genetic loci influence the risk of PD and how their cognate biological functions are influenced by variation at these loci. It is, however, inevitable that the findings of the primary GWA analyses will be limited to a subset of the variants of the strongest genetic effect and, consequently, a large number of true polygenic risk alleles that generate weaker evidence for association may be overlooked. Thus, despite their high levels of significance, the current crop of loci that are strongly associated with PD are thought to account for only a very small amount (1-2%) of the expected heritability of PD (20) . As in other complex disorders, the missing heritability in PD is expected to relate to a combination of some variants that yield only relatively weak association signals and others that are not tagged by the genotyping microarray. Given that there is a substantial increase in the estimated heritability detected in PD GWA studies (24%) when weak effect loci are also considered (20) , this strongly implies that a large proportion of genetic signal must lie below the genome-wide significance thresholds set in the primary analyses.
PD risk alleles are unlikely to be randomly distributed among genes, but instead are more likely to be distributed among genes whose functions are related. Indeed, the relevance of mitochondrial dysfunction (21) (22) (23) (24) and protein degradation pathways (25) (26) (27) (28) to PD pathogenesis has been highlighted by converging functional studies of Mendelian genes implicated in familial PD. In applying such a model to GWA data, one would expect to see an overall excess of association signal in a series of SNPs selected from genes which code for functionally related proteins and it might be anticipated that at least some of these shared biological functions relate to the current known Mendelian and non-Mendelian loci. Such effects have been identified in other complex disorders both when the analysis was limited to genes containing robustly associated SNPs (29 -32) and also when the analysis was expanded to include genes containing SNPs whose evidence for association fell short of stringent genome-wide significant thresholds (30, 32, 33) . To date, biological pathway-based analysis in PD has been limited to relatively small GWA data sets, and has implicated the axon guidance pathway as being relevant to PD (34), a finding that was recently replicated in a small independent data set (35) .
In this study, we have used the ALIGATOR algorithm (32) to analyse SNPs associated with PD in two large independent GWA studies for enrichment in pre-defined sets of functionally related genes. Importantly, we have also confirmed our results using gene set enrichment analysis and established that our findings are not dependent on the most strongly associated loci. Our study implicates specific biological categories of genes that show evidence for association with PD and is an important next step in our translation of genetic susceptibility to an understanding of disease pathogenesis.
RESULTS

Assessment of SNPs passing sub-genome-wide significance thresholds
Analyses of the large International Parkinson's Disease Genetics Consortium (IPDGC) meta analysis consisting of 5333 PD cases and 12 219 controls have previously identified 18 regions showing evidence for genome-wide significant or suggestive evidence for association (9 -12) . In this study, we first set out to establish whether this data set harboured further evidence for additional PD genes. Our analysis revealed that a significant excess of SNPs surpassing different thresholds of significance remained even after all 18 previously implicated regions were excluded (Table 1) . At our most stringent threshold (P , 0.0001), we identified a 4.2-fold excess of independent SNPs [following correction for linkage disequilibrium (LD)] significantly associated with PD than were expected (679.2 compared with 161.7, P , 1 × 10
216
). This suggested the existence of genuine additional PD susceptibility loci that failed to meet the stringent significance thresholds that were set in the previous studies.
ALIGATOR analysis
As it is not possible to implicate any individual locus from the observed enrichment of sub-GWA signal, we next chose to assess whether any biological functional categories were significantly enriched for genes carrying SNPs that were nominally associated with PD. To achieve this, we a priori considered the IPDGC meta-analysis (9) as two large independent PD-GWA data sets: UK-GWA (1705 PD patients and 5200 controls) and Meta-GWA (3628 PD patients and 7019 controls) and applied ALIGATOR (32) analysis to the top 5% of associated genes (n ¼ 1050), which captured genes containing at least one SNP surpassing P ¼ 0.00205 and P ¼ 0.0024 in the Meta-GWA and UK-GWA studies, respectively. In each GWA study, ALIGATOR was then used to assess the functional categories that were enriched for these 1050 genes at varying thresholds of nominal significance (P ¼ 0.05, P ¼ 0.01, P ¼ 0.001). This revealed a significant excess in the number of enriched functional categories compared with the simulated data, in both the Meta-GWA (minimum P ¼ 0.014) and UK-GWA studies (minimum P ¼ 0.006) ( Table 2 ). In the largest data set (Meta-GWA), our most significant observation was of 498 functional categories that were enriched at P , 0.05 for associated genes (P ¼ 0.014).
In order to further investigate the nature of this enrichment, we next assessed the level of overlap between the two studies by running ALIGATOR in the UK-GWA study, but this time restricting the analysis to only the 498 functional categories enriched at P , 0.05 in the Meta-GWA study. This revealed a significant excess of categories enriched in both GWA study, regardless of the threshold used ( Table 3 ). The most significant evidence implicated 58 categories enriched for associated genes at P , 0.05 in both Meta-GWA and UK-GWA (P , 0.001) ( Table 3) .
These 58 functional categories contained a total of 269 different genes that were associated with PD (Supplementary Material, Table S1 ). However, given that a single gene can be present in multiple categories, grouping together categories based on their gene membership enabled us to further condense the 58 categories into 24 functionally related groups (Supplementary Material, Table S2 ), such that each category within a group shared at least 50% of its genes in common with at least one other category in the group. This revealed that 26 categories (45%) were present in just two functionally related groups which, importantly, also contained 9 of the 10 categories that showed the strongest evidence for enrichment in PD in both GWA studies (P , 0.01 in both). The categories included in these two biological groups implicate genes involved in the 'regulation of leucocyte/lymphocyte activity' and also 'cytokine-mediated signalling' as conferring an increased susceptibility to PD (Table 4 ). In total, these two functional groups contained 132 (49%) of the 269 genes associated with PD (Supplementary Material, Table S1 ); however, as 38 genes are shared by both, it reflects the biological relationship between these groups.
It is plausible that our results are being artificially biased by genes whose evidence for association is merely a consequence of LD with the very strong association signal of known GWA study hits. To investigate this possibility, we repeated our analysis using identical gene-wide significance thresholds, but this time excluding all 178 genes that were present at 18 genomic regions previously reported to be strongly associated with PD, including the HLA locus. Given that each of these regions is likely to span at least one true PD susceptibility gene which would now be excluded from our ALIGATOR analysis, this approach is highly conservative. Nevertheless, this analysis again revealed a significant excess in the number of enriched functional categories compared with the simulated data, in both the Meta-GWA (minimum P ¼ 0.016) and UK-GWA studies (minimum P ¼ 0.022) ( Table 2) , as well as significant evidence in favour of a common set of functional categories that were enriched (P , 0.05) in both GWA studies (P , 0.001) ( Table 3 ). This suggests that our findings are not dependent on either the previously identified susceptibility loci or the genes that are falsely associated with PD merely as a consequence of LD with the very strong association signals. Enrichment P-values in the absence of the 178 genes from the 18 previously associated regions are shown in Supplementary Material, Table S3 for each of the 58 categories significantly enriched in both GWA studies in the original analysis. It can be seen that, in general, the category-specific enrichment P-values are essentially unaltered by removal of the PD regions. To further confirm that the excess in significantly enriched functional categories is not a result of LD with strong signals, we repeated the analysis excluding not only the 18 genomic regions but also the entire MHC region (25 -35 Mb on chromosome 6) and any gene within 1 Mb of an SNP that showed genome-wide significance for association (P , 5 × 10
28
) in the IPDGC meta-analysis (a total of 1058 genes). This made little difference to the significant excess of enriched functional categories in the Meta-GWA and UK-GWA samples analysed separately (Table 2) or the significance of the overlap in categories enriched in both Human Molecular Genetics, 2013, Vol. 22, No. 5 1041 studies (Table 3 ). Enrichment P-values under this analysis are given in Supplementary Material, Table S3 for each of the 58 categories significantly enriched in both GWA studies. These are very similar to those obtained in the original analysis.
Gene-set enrichment analysis
Category-specific GSEA (gene-set enrichment analysis) P-values are given in Table 4 for each of the 26 categories implicating genes involved in the regulation of leucocyte/ lymphocyte activity and cytokine-mediated signalling, whereas the results for all 58 categories significantly enriched for associated genes are given in Supplementary Material, Table S2 . As some of the less-significant categories identified by ALIGATOR do not have significant GSEA P-values, it suggests that some of the enrichment may be the result of the threshold used to define significant genes. Despite this, a closer inspection of the GSEA analysis reveals that 34 (59%) and 16 (28%) of the 58 categories also have significant GSEA P-values in the Meta-GWA and UK-GWA samples, respectively, with 14 (24%) being significant in both GWA studies. Moreover, of the 14 categories that are significant in both GWA studies, 10 (70%) are from the two biological groups that we have termed the regulation of leucocyte/ lymphocyte activity and cytokine-mediated signalling, increasing confidence that the enrichment of PD-associated genes seen in these categories is genuine.
DISCUSSION
In this study, we have tested whether SNPs associated with PD in two large independent GWA studies are enriched in predefined sets of functionally related genes. By restricting our analysis to the functional categories defined in five publicly available ontology databases, it is inevitable that any biological functions that are not well curated by these sources will not have been analysed by our study. Despite this limitation, our analysis of two independent GWA studies has identified significant evidence that a series of functional categories were enriched for genes associated with PD, and that a subset of 58 categories was significantly enriched in both GWA studies. This significant overlap was further condensed to just 24 biological groups, of which the two with the strongest evidence for association highlight processes involving the immune system. Based on their proposed functions, we have termed these two biological groups the regulation of leucocyte/lymphocyte activity and cytokine-mediated signalling. These findings imply that genetic variation in genes related to these biological processes has a role in increasing susceptibility to PD and is, therefore, a potential mechanism that should be the subject of further detailed genetic and functional analyses. Although in this study we were unable to replicate the previous reports of an enrichment of association signal in genes involved in axon guidance (34, 35) , it is worth noting that the T-cell receptor signalling pathway [Kyoto Encyclopedia of Genes and Genomes (KEGG) 04660] has previously been implicated in PD pathology by pathway analysis of GWA data (35) . Clearly, the validity of our analysis is dependent on the quality with which biological categories are annotated and that this is likely to be variable. For this reason, we simultaneously analysed annotations from multiple ontology databases and as a result it is encouraging that our two strongest biological groups which contain genes involved in the regulation of leucocyte/lymphocyte activity and cytokinemediated signalling are implicated by multiple functional categories independently curated in different ontology databases. We also obtained largely analogous results, using both ALI-GATOR and GSEA analyses, implying that the biological groups implicated in this study are unlikely to be biased by our method of analysis. Moreover, as the application of ALI-GATOR to GWA studies of different diseases has previously implicated biological groups that were different to those identified in this study (32, 33) , it suggests that the functional categories that we find enriched for genes associated with PD are not biased in favour of those that have been most comprehensively annotated.
It is important to note that this finding does not imply that all nominally significant genes in an enriched functional category are true susceptibility genes. Biological pathway-based analyses assume that variation in functionally related genes is more likely to be important in disease, so any functional category implicated in our data is more likely to be relevant to PD aetiology since it contains a significant excess of genes carrying SNPs associated with PD. With this in mind, it is worth noting that although we have demonstrated that there was a significant overlap of 58 categories enriched for genes The top 5% of associated genes (n ¼ 1050) were considered to be significant. Categories require two or more significant genes to be considered for enrichment.
associated with PD from two independent GWA studies, the signal from the two studies in each functional category does not necessarily reflect the same set of genes. This observation is, however, plausible when one considers that this study focused on susceptibility alleles of small effect which are likely to be carried by affected individuals in different genes in the same functional category. Our findings are not dependent on the genes present at loci that have been previously reported as being strongly associated with PD and their exclusion has minimal effect on the pathways identified in our analysis. Nevertheless, it might be expected that the functional pathways implicated by our analysis would be supported by a framework of genes identified through Mendelian forms of the illness or as genome-wide significant by GWA. Our data show no strong evidence for such a pattern, with only 5 of the 18 loci implicated by GWA studies harbouring genes (a total of 10 genes) that are included in the biological categories related to the regulation of leucocyte/ lymphocyte activity and cytokine-mediated signalling. Moreover, SNCA is the only gene implicated in familial PD that is also included in the two biological groups implicated in our study. This observation is similar to the findings in other complex diseases (30, 32, 33) and demonstrates that the aggregating power of testing whole pathways can generate useful biological insights from association signals that are below the thresholds set in GWA studies. Together with our observation that a significant excess of SNPs below the genome-wide significance threshold are present in the IPDGC GWA study (9) , this implies that at least some 'missing' disease heritability is present at loci that the current GWA studies do not have the power to detect.
The strongest findings from our study show a striking enrichment of genes associated with PD being involved in biological processes related to the immune system. Specifically, these were identified as two distinct but overlapping biological groups related to the regulation of leucocyte/lymphocyte activity and cytokine-mediated signalling. Despite PD not typically being considered an immune disease, there are emerging data that are starting to demonstrate a relationship between PD progression and the immune response. First, in the degenerating PD brain, the activation of microglia and monocytes contributes to the blood -brain barrier becoming compromised, and this allows toxins and infections to reach the CNS (36) . There is also evidence that altered immune components are coupled with PD progression. For example, CD4 (37)-and CD3-positive (38) T-cells have been found in the substantia nigra and Lewy body lesions of PD patients, respectively, and several inflammatory cytokines such as IL1-beta, IL8, IL6, IL4, TNF-alpha, IFN-gamma are up-regulated in the CSF and sera of PD patients (39, 40) . LRRK2 has also been shown to regulate B2-lymphocyte function (41), potentially providing a direct link between cell-mediated immunity and PD pathology. Although these studies are typically interpreted as detecting the secondary effects of neurodegeneration in PD, they have recently been complemented by strong evidence for genetic association between SNPs at the HLA locus and PD (9, 11) . These genetic findings indicate that the immune system is likely to be aetiologically important in PD and not simply activated as a secondary response to neurodegeneration. It is also possible that future studies of larger GWA data sets will reveal additional biological mechanisms that are associated with PD.
Our findings, therefore, provide independent support to the strong association signal at the HLA locus which spans at least 10 immune-related genes. It is worth noting that five genes from this locus (HLA-DQA1, HLA-DQB1, HLA-DRA, HLA-DRB1, HLA-DRB5) were included in the biological groups, implicating the regulation of leucocyte/lymphocyte activity and cytokine-mediated signalling. However, the widespread LD at this locus is unlikely to have adversely influenced our results as we classed the HLA locus as a single signal in our analysis and it only counted once towards any pathway. Moreover, as previously mentioned, we obtained analogous results when previously implicated regions were excluded, demonstrating that our findings are not dependent on markers at the HLA locus. Our findings imply that the immune-related genetic susceptibility to PD is likely to be more widespread in the genome than previously appreciated. By implicating genes involved in the regulation of leucocyte/lymphocyte activity, our study indicates that components of the adaptive immune system have a role in PD pathology. However, given the large overlap in gene content with the cytokine-mediated signalling pathway which is itself related to both the innate and the adaptive immune responses as well as to inflammatory processes, the exact nature of any involvement remains to be elucidated. Future work will, therefore, be required to dissect out the exact involvement of the innate and adaptive immune system in PD. Functional and epidemiological analyses will be required to investigate whether genetic variants in these immune-related pathways influence disease progression, although the quantitative analysis of cytokine levels in peripheral blood could potentially be an avenue Proposed biological functions were provided by the respective source of each ontology database. Biological groups indicate categories which share .50% of genes with at least one other category in the group.
for the investigation of biomarkers that increase risk to PD. Our findings do, however, contrast with those of a previous study which applied the same analytical strategy to GWA studies in Alzheimer's disease and specifically highlighted the involvement of the complement and innate immune system in the disease (33) . Given the importance of the immune system, it is perhaps unsurprising that it has an impact upon the presentation of both of these common late-onset diseases. However, despite implicating the involvement of immune-related genes in both Alzheimer's disease and PD, different functional categories are highlighted by each study, suggesting that the increased risk to disease conferred by the immune system is likely to play a specific role in different neurodegenerations, and is unlikely to be a common degenerating effector end-pathway.
MATERIALS AND METHODS
Data summary
The GWA studies used in this study were performed as described (13, 15, (17) (18) (19) 42) . We have previously studied a large meta-analysis composed of these studies for allelic association (9) . However, in order to provide independent discovery and replication samples, in this study we divided the meta-analysis of the IPDGC (9) into two large independent PD-GWA data sets: (i) the UK-based GWA study of Spencer et al. (17) (referred from here on as UK-GWA), which was composed of 1705 PD patients (56.7% male) and 5200 controls (49.5% male) and (ii) a trimmed meta-analysis composed of 3628 PD patients (59.5% male) and 7019 controls (52.7% male) which excluded the UK-GWA study and was, therefore, composed of the remaining four GWA studies from USA National Institute on Aging, Germany, France and the USA database of genotypes and phenotypes (13, 15, 18, 19, 42) (referred from here on as Meta-GWA).
Study-specific quality control and genotype imputation using MACH (version 1.0.16) has been previously described for these data sets (9) , which resulted in a total of 5 108 844 and 5 096 499 successfully imputed SNPs being included in our analyses of the Meta-GWA and UK-GWA studies, respectively. Notably, each of the GWA studies included in the meta-analysis had previously been corrected for population stratification, as detailed in Nalls et al. (9) .
Statistical analysis
Excess of SNPs passing sub-genome-wide significance thresholds Genomic regions harbouring known PD GWA signals were defined according to the LD structure of the region surrounding the SNP showing strongest evidence for association. This was performed for each of the 18 loci that had been previously reported to be strongly associated with PD (9 -12 (43), as were the observed number of independent SNPs significant at each P-value criterion. In the absence of excess association, the expected number of independent SNPs significant at level 'a' is distributed as a binomial (N, a). To prevent the analysis being biased by SNPs located in multiple functionally related genes which physically overlapped, we set a restriction that limited each SNP from contributing to more than one gene in any single category. Moreover, to address the potential of multiple significant genes that are close together reflecting the same association signal due to LD, we conservatively grouped significant genes that were ,1 Mb apart and located in the same functional category into one signal. Replicate gene lists of the same length as the original were generated by randomly sampling SNPs (thus correcting for variable gene size). The lists were used to obtain P-values for enrichment for each category and to correct these for testing multiple non-independent categories, and also to test whether the number of significantly enriched categories is higher than expected. To assess the potential of any bias caused by LD with strong association signals that had been previously identified in these samples, we also performed ALIGATOR analysis after excluding all genes (n ¼ 178) present within the list of genomic regions harbouring known PD GWA signals.
Pathway analyses
Gene-set enrichment analysis
As a further validation of the ALIGATOR results, and to show that the results of our analyses are not driven by the choice of P-value cut-off for defining significant genes, GSEA was performed using the method described in Wang et al. (31) . Rather than defining a list of significant genes, GSEA ranks all genes in order of a gene-wide association statistic and tests whether the genes in a particular gene set have higher rank overall than would be expected by chance. Following Wang et al. (31) in order to allow for varying numbers of SNPs per gene, the gene-wide statistic used was the Simes-corrected single-SNP P-value (47).
